Abbreviations
=============

CDR3

:   complementarity determining region 3

HLA

:   human leucocyte antigen

MHC

:   major histocompatibility complex

NGS

:   next generation sequencing

PBMCs

:   peripheral blood mononuclear cells

TCR

:   T cell receptor

TIL

:   tumor-infiltrating T lymphocyte

TRA

:   T cell receptor α

TRB

:   T cell receptor β.

Introduction {#s0001}
============

Ovarian cancer affects nearly 22,000 women each year and is the fifth most common cause of cancer death among women in the United States in 2010.[@cit0001] The majority of the ovarian cancer cases are diagnosed at advanced stages (III, IV), and the 5‐year survival rate is very poor, ranging from 19% to 47%.[@cit0002]

Ovarian cancer is frequently associated with malignant effusions such as ascites at initial presentation; 38% of female patients with malignant ascites are found to have ovarian cancer.[@cit0003] Studies have demonstrated that the immune microenvironment of the ascites in patients with ovarian cancer varies significantly with some specimens containing a very high number of T cells.[@cit0004] In addition, one report indicated that a higher CD8^+^/CD4^+^ ratio in ascites was correlated with better prognosis for ovarian cancer patients.[@cit0007] However, no study has characterized the functionality or clonality of T cell subtype populations in malignant ascites.

Malignant ascites could be a useful resource for examining the immune milieu in ovarian cancer because it consists of cancer cells, neutrophils, antigen presenting cells, and lymphocytes that might originate from tumor tissues, and also includes various cytokines released from these cells. This immune environment works to either suppress or promote cancer cell growth through various mechanisms.[@cit0007] For example, TILs are often observed in many types of solid tumors; in some cases they are considered to reflect the host immune system that responds to and eliminates the tumor cells. In fact, higher TIL infiltration has been reported to correlate with better prognosis in many tumor types,[@cit0011] including ovarian cancer for which a high degree of intratumoral CD8^+^ T cell was correlated with better clinical response to platinum agents.[@cit0016] However, in some cases they may protect cancer cells from the host immune system. The presence of a higher number of regulatory T cells, which suppress tumor‐specific T cell immunity, was shown to be correlated with poor prognosis in ovarian cancer patients.[@cit0017]

TCRs are expressed on the surface of T lymphocytes and 95% of T cells possess TCRs consisting of a heterodimer of α and β chains. The TCR-α gene (*TRA*) is composed of 115 variable (V) alleles, 68 joining (J) alleles and one constant (C) allele, while the TCR-β gene (*TRB*) has nearly 146 V, 3 diversity (D), 16 J, and 4 C alleles.[@cit0018] In addition to a large number of combinations of VJ for an α chain and VDJ for a β chain, a huge functional diversity of TCRs is generated by insertion and/or deletion of nucleotides during the somatic V(D)J recombination. This rearrangement of V, (D), and J segments generates the highly variable complementarity determining region 3 (CDR3), which is responsible for recognizing an antigen on human leucocyte antigen (HLA) molecules. With the development in the next generation sequencing (NGS) technologies, it has become possible to characterize millions of TCR sequences.[@cit0022] TCR sequencing is an effective approach to examine antigen specific expansion of T‐cell subclones which could be prognostically significant. Moreover, TCR sequencing provides us TCR information that can be directly applied to adoptive T‐cell transfer therapy or used for screening specific immunogenic epitopes for cancer vaccine development.

In this study, we examined the T cell repertoire in a set of tumor, malignant ascites and blood from 12 ovarian cancer patients as well as T cell subpopulations in malignant fluids from 3 ovarian cancer patients using the NGS technology. We here report huge differences in T cell repertoire between TILs in tumor tissues and T cells in ascites, and demonstrate exclusive TCR patterns in CD4^+^, CD8^+^, and regulatory T cell subpopulations in malignant effusions.

Results {#s0002}
=======

Clonal T cell expansion in tumors or ascites {#s0002-0001}
--------------------------------------------

To compare T cell repertoire in tumor, ascites, and blood from 12 ovarian cancer patients, we isolated RNA from these samples, and PCR-amplified and sequenced TCR-α and TCR-β cDNA using Ion Torrent PGM sequencers. On average, we obtained a total sequence reads of 203,740 and 690,920 for TCR-α and TCR-β in tumor tissues, and 184,097 and 683,746 in ascites, respectively, using 314v2 chips. From blood samples, 806,460 for TCR-α and 4,323,807 for TCR-β sequence reads were acquired using 318v2 chips. We then quantitatively analyzed the frequency of the distinct V(D)J combinations and unique CDR3 clonotypes. We sorted out CDR3 sequences according to their frequency. [**Fig. 1A**](#f0001){ref-type="fig"} shows the frequency of each of the V(D)J-CDR3 unique clonotypes observed in tumor tissues and ascites, indicating very strong enrichment of certain T cell clones in some patients. The sum of the frequencies of the ten most abundant CDR3s in the 12 tumors ranged from 24.9% to 76.4% (mean = 49.3 ± 5.5%, SEM (standard error of the mean)) and from 14.8% to 89.4% (mean = 52.0 ± 6.7%, SEM) for TCR-α and TCR-β, respectively. In ascites, the sum of the frequencies of the 10 most abundant CDR3 ranged from 13.4% to 85.7% (mean = 56.0 ± 6.8%, SEM) and from 21.7% to 91.9% (mean = 57.6 ± 7.2%, SEM) for TCR-α and TCR-β, respectively. In the tumor tissues of two cases (P126 and P155), more than half of TCR-α and TCR-β clonotypes were derived from two to seven expanded T cell clones. In three ascites cases (P106, P157, and P168), the frequency of three major clones of TCR-α and TCR-β accounted for more than half of total reads. Figure 1.The clonality of T lymphocytes in tumor, ascites, and blood of 12 ovarian cancer patients. (**A**) The distribution of the unique CDR3 sequences detected in TCR-α (TRA) and TCR-β (TRB). Each pie graph was colored automatically by the Excel program according to frequency ranks and therefore the same color dose not represent an identical CDR3 sequence. Gray color indicates portion of clonotypes less than 1% frequency. (**B**) The diversity indexs for TCR-α and TCR-β were calculated by the inverse Simpson\'s index (1/*Ds*) formulation.

To compare the TCR diversity among the 12 samples, we calculated the inverse Simpson\'s diversity index (1/*Ds*); values are high when TCR clones are evenly distributed and low with very-enriched T cell clones. In most patients, the diversity indexes were quite low for both TCR-α and TCR-β in both tumor and ascites ([**Fig. 1B**](#f0001){ref-type="fig"}). We also observed low diversity in blood for some cases. It has been already shown that the diversity gets smaller when one had viral or bacterial infection, or when one became older.[@cit0023] Hence, we examined correlation between the TCR diversity in blood and the age of patients, but found no significant correlation between them (**Fig. S1**). However, the number of the patients examined was too small to make a conclusion.

Distinct T cell profiles in tumor and ascites {#s0002-0002}
---------------------------------------------

To examine the similarity or difference in enriched T cell clones between tumor and ascites, we examined the commonality of the 20 most abundant CDR3s as shown in [**Fig. 2A**](#f0002){ref-type="fig"}. The abundant CDR3 sequences were very different between TILs in tumors and T lymphocytes in ascites, and only a few clonotypes were commonly observed in almost all of the cases. We also examined the proportions of common CDR3s between TILs in tumors and T lymphocytes in ascites ([**Fig. 2B**](#f0002){ref-type="fig"}). In 10 of the 12 patients, fewer than 20% of TCR-α CDR3 sequences were common between tumors and ascites, and those of TCR-β CDR3 sequences were common in 11 patients as indicated in the upper graph. Particularly, in three patients, P106, P139, and P157, less than 1% of either TCR-α or TCR-β CDR3 sequences were common between tumors and ascites. Our data clearly indicate that the immune environment of tumors and ascites was enormously different. Figure 2.Comparison of T cell repertoires in tumor tissues and ascites. (**A**) Heatmaps show frequencies of 20 dominant TCR clonotypes selected from tumor tisseus (T) and ascites (A). The vertical axis indicates each of unique CDR3 sequences. Common CDR3s are presented only once. The scale bar represents their frequency. CDR3 sequences with more than 10% of frequency were presented with the squares of red color and indicated by \* (10% ˜ 30%), \# (30% ˜ 50%), and ++ (more than 50%). (**B**) The proportion of common CDR3 between tumor tissues and ascites is graphed.

Expression levels of *CD4*, *CD8*, *FOXP3* genes in tumor and ascites {#s0002-0003}
---------------------------------------------------------------------

The ratios of *CD4*, *CD8*, and *FOXP3* expression levels are known to be correlated with the clinical outcome in some tumor types.[@cit0026] To characterize T cell subtypes of TILs in tumors and T lymphocytes in ascites, we examined the mRNA expression levels of *CD4*, *CD8*, and *FOXP3* with a real-time PCR method. In tumors, the CD8^+^/CD4^+^ ratios were 0.46 ∼ 2.28 (mean = 0.90 ± 0.04, SEM), while in ascites the CD8^+^/CD4^+^ ratios were 0.50 ∼ 49.09 (mean = 7.06 ± 1.12, SEM) ([**Fig. 3**](#f0003){ref-type="fig"}). Specially, CD8 in ascites of P155 was detected 49-fold higher than CD4. The FOXP3/CD4 ratios were 0.07 ∼ 0.44 (mean = 0.21 ± 0.01, SEM) and 0.005 ∼ 3.96 (mean = 0.44 ± 0.09, SEM) for tumor and ascites, respectively. Figure 3.Expression of *CD8* and *FOXP3* in tumor tisseus and ascites. Expression raitos of CD8/CD4 and FOXP3/CD4 in 12 ovarican cancer patients are presented. Quantity of each transcript was analyzed by real-time PCR and normalized by an internal control, GAPDH.

The TCR analysis of T cell subtype populations in malignant effusion {#s0002-0004}
--------------------------------------------------------------------

To further characterize three subtypes of T lymphocytes that are likely to play different roles in the tumor microenvironment,[@cit0017] particularly in malignant effusions, we sorted out T cells in pleural effusion or ascites of three patients using flow cytometry ([**Fig. 4A**](#f0004){ref-type="fig"}) and examined TCR sequences in each of CD4^+^, CD8^+^, and CD4^+^CD25^+^ populations ([**Fig. 4B**](#f0004){ref-type="fig"}) (CD4^+^ population included CD4^+^CD25^+^ cell population). The proportions of lymphocytes in living cells in malignant effusions varied significantly as 5.0%, 13.5%, and 28.7%. The proportions of CD4^+^ T lymphocytes among the lymphocyte populations were similar with a range of 52.2 ˜ 60.0%, but those of CD8^+^ T lymphocytes and CD4^+^CD25^+^ T lymphocytes were different among the three patients; 11.9, 16.2, and 21.7% for CD8^+^ and 4.8, 7.1, and 14.1% for CD4^+^CD25^+^, respectively. As a control, we also sequenced TCR cDNAs of T lymphocytes isolated from blood of these three patients. We subsequently examined the clonality of T cells in each subtype as shown in [**Fig. 5**](#f0005){ref-type="fig"}. We observed strong clonal T cell expansion in CD8^+^ and CD4^+^CD25^+^ subpopulations in all three patients. These results revealed that certain subtypes of T cell clones were expanded and their difference in the diversities might define the immune microenvironment in malignant effusions. Figure 4.Isolation of T cell subpopulations from malignant effusions. (**A**) The lymphocytes were gated from live cells collected from malignant effusion in P201 by flow cytometry. Three different T cell subtypes were sorted using a combination of fluorescent-conjugated monoclonal antibodies for CD3^+^, CD4^+^, CD8^+^, and CD25^+^, as indicated on *X*- and *Y*-axes. (**B**) The proportion of T cell subtypes in malignant effusions from three ovarian cancer patients, P201, P202, and P203. Figure 5.The TCR clonality in subpopulations of T cells. The pie charts illustrate distribution of unique CDR3 sequences detected in TRA and TRB. The same color between pie charts does not represent a same CDR3 sequence. Gray color indicates portion of clonotypes less than 1% frequency.

Distinct TCR clonotypes among T cell subtypes {#s0002-0005}
---------------------------------------------

We further examined TCR similarity or difference in the subtypes of T cells. When we examined the most common 20 CDR3 sequences selected for each of the three subpopulations ([**Fig. 6**](#f0006){ref-type="fig"}), the TCR sequences in CD4^+^, CD8^+^, and CD4^+^CD25^+^ cells were found to be almost mutually exclusive although some overlap was observed between CD4^+^ and CD4^+^CD25^+^ cells because CD4^+^ population contained CD4^+^CD25^+^ cells. However, exceptionally we found that the most abundant TCR-α and TCR-β sequences for CD4^+^ and CD8^+^ subgroups were identical in P203. Figure 6.Characteristics of TCR repertoires in different T cell subtypes. Heatmaps show frequencies of 20 dominant TCR clonotypes selected from each subtype of T cells in malignant effusion or T cells in blood. The vertical axis indicates each of unique CDR3 sequences. Common CDR3s are presented only once. The scale bar represents frequency of each unique CDR3 sequence. The squares of red color represent CDR3 clones with more than 5% of frequency, and indicated by \* (5% ˜ 15%), \# (15% ˜ 25%), and ++ (more than 25%).

Discussion {#s0003}
==========

TILs include killer CD8^+^ cells and helper CD4^+^ cells that recognize tumor-associated antigens that are potential targets for antigen-specific cancer immune response. A recent report has demonstrated that adoptive immunotherapy produced sustainable curative outcomes in some cancer patients.[@cit0030] TILs are also suggested to be correlated with improved clinical outcome in ovarian cancer.[@cit0031] Thus, it is important to characterize in detail the T cell repertoire and define the immune microenvironment in cancer tissues and malignant fluids to investigate what constitutes a beneficial immune response in the host tumor immunity. In this study, we applied a high-throughput NGS method to characterize TCRs of T cells in tumor, malignant effusion, and blood of ovarian cancer patients. Our results have indicated that certain T cells were expanded clonally in both tumor and ascites, but the clonally-expanded T cells seemed to be quite different even in the same patient. In addition, the intra- and inter-individual differences in the CD4^+^/CD8^+^ ratio, which was estimated from the expression levels in cancer tissues or ascites, was very large, indicating the very diverse tumor immune environment among individual cancer patients. Moreover, we also investigated TCR sequence signature of CD4^+^, CD8^+^, and CD4^+^CD25^+^ T cells in malignant effusion in three patients, and found that TCR sequences among three subsets of T cell population in malignant effusions were almost mutually exclusive.

Although previous studies reported the proportion of CD4^+^ and CD8^+^ T cells in tumor and ascites of ovarian cancer patients,[@cit0005] no study has examined the clonality or functionality of T lymphocytes in tumors or ascites. We clearly demonstrated that some T cells were clonally expanded in both tumor and ascites. However, the overlap of the TCR sequences between TILs in a tumor and T lymphocytes in ascites was very limited, implying that the immune microenvironments in a tumor and ascites in the same patient could be enormously different. We further investigated the proportion and clonality of three subtypes of T cell in malignant fluids. Interestingly, the TCR repertoire, particularly clonally expanded TCR clonotypes, of CD4^+^, CD8^+^, and CD4^+^CD25^+^ T cells were mutually exclusive. In the three patients examined, all revealed very strong clonal expansion of CD8^+^ and CD4^+^CD25^+^ regulatory T cell populations, while the TCR repertoire of CD4^+^ T cell populations was relatively diverse as indicated by the pie chart in [**Fig. 5**](#f0005){ref-type="fig"}. The presence of regulatory CD4^+^CD25^+^ T cells in tumor and ascites was suggested its association with shorter survival.[@cit0017] Our results demonstrated that the proportion of regulatory CD4^+^CD25^+^ T cells in three malignant effusions varied from 4.8% to 14.1% in total T lymphocytes and 8.6% to 27.0% in CD4^+^ T cells. Although the number of samples is definitely too small to make any solid conclusion, HLA-class I- and HLA-class II-mediated immune response of T cells in ascites might be quite different, and the balance among CD8^+^, CD4^+^, and CD4^+^CD25^+^ may significantly effect on the host immune responses.

As we described above, we observed mutually exclusive patterns of enriched TCR sequences among three subsets of T cells. However, it is still undetermined whether difference in TCRs in each subtype indicates recognition of different antigens presented by the HLA molecules or reflects functional differences in T cell subtypes that recognize the same antigen. Consistent with the former hypothesis, Andreas et al. reported differences in antigens recognized by Tregs and those by effector/memory T cells in the majority of colorectal cancer patients.[@cit0032] They also demonstrated that depletion of Tregs led to enhancement of effector/memory T cell responses against antigens that were recognized by Tregs. Atypically in P203, the most enriched CDR3 clone of both TCR-α and TCR-β was detected commonly in both CD4^+^ and CD8^+^ T subpopulations. Tumor antigens can be presented on both MHC (major histocompatibility complex) class I and II molecules by the "cross-presentation" mechanism, and it was reported that CD4^+^ and CD8^+^ co-receptors could physically associate with the same TCR.[@cit0033] Therefore, we assume that the most enriched CDR3 sequence in CD8^+^ killer T cells and CD4^+^ helper cells in P203 would recognize the same tumor antigen presented by MHC class I or class II, and might enhance the host immune system synergistically.

To estimate the relative ratio of CD4^+^, CD8^+^, and Treg cells in tumors and ascites, we examined the expression levels of *CD4*, *CD8*, and *FOXP3* using mRNA obtained from tumor tissues and ascitic cells. In most of the 12 patients, the number of infiltrating CD4^+^ T cells estimated from *CD4* expression seemed to be higher than that of CD8^+^ T cells in the tumor tissues while the numbers of CD8^+^ T cells were likely to be much higher than CD4^+^ T cells in ascites. This difference might be caused by the levels of some cytokines in tumor tissues and malignant fluids. Although many studies have characterized the changes of immune microenvironment through recruitment of leukocytes induced by chemokines,[@cit0035] it could be also important to elucidate the relation between expansion of T cell clonotypes and expression of chemokines.

The activation of the immune system against tumor cells is expected to lead to a prolonged survival of cancer patients. T lymphocytes play a critical role in the host ability to eliminate tumor cells. Thus, the better understanding of the functionality and clonality of T cells in the immune microenvironment surrounding tumor and in malignant fluid should contribute to the improvement of cancer immunotherapy as well as other anticancer treatment modalities. So far, many studies have characterized T cells on the basis of PCR amplification of TCR sequences using genomic DNA of T cells.[@cit0040] Our TCR cDNA sequencing approach may not reflect the number of unique T cells correctly because of the different levels of TCR expression in individual T cells. However, the genomic DNA analysis may not reflect the functional significance of T cell populations. T cells expressing more copies of TCR mRNA may be more active than those expressing a lower amount of TCR mRNA. Hence, we believe that our study may be more appropriate to examine possible differences in the functionality and clonality of T cells between tumor tissues and malignant effusions as well as those among the different T cell subpopulations. Although functional studies of clonally expanded T cell populations are definitely required, our approach offers a detailed characterization of T cell immune microenvironment in tumors and ascites.

Materials and Methods {#s0004}
=====================

Patient samples {#s0004-0001}
---------------

RNAs from tumor, ascites, and blood of 12 newly diagnosed ovarian cancer patients (P100, P106, P117, P126, P137, P139, P154, P155, P157, P159, P168, P172), who did not receive any chemotherapy, were obtained from Saitama Medical University International Medical Center. Malignant effusions and blood samples of 3 ovarian cancer patients (P201, P202, P203) were obtained from University of Chicago. P201 and P202 were treated with chemotherapy, and a paracentesis in P203 was performed during first chemotherapy treatment. All human samples were obtained according to a study protocol and informed consent procedures approved by Institutional Review Board of each institution. Peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll-Paque PLUS (GE Healthcare).

Isolation of different types of T cells in malignant effusion {#s0004-0002}
-------------------------------------------------------------

Ficoll gradient centrifugation was used to isolate mononuclear cells from malignant effusion. Cells were washed with PBS and stained with the following anti-human mAbs: CD3-APC, CD4-PerCP, CD8-PE-Cy7, and CD25-PE. (eBioscience). The reaction mixture was incubated for 30 min on ice in the dark. The cells were then washed with PBS and 4′,6-diamidino-2-phenylindole (DAPI) was added. The mixture was incubated for 5 min on ice in the dark. After centrifugation, cells were resuspended with RPMI 1640 medium including 2% Bovine serum albumin (BSA). CD4^+^, CD8^+^, and regulatory CD4^+^CD25^+^ T cells were analyzed and separately sorted using a combination of two anti-human mAbs. Data were analyzed on FlowJo software (Tree Star, Inc., San Carlos, CA).

RNA isolation and PCR amplification {#s0004-0003}
-----------------------------------

Total RNAs from cells obtained from tumor, ascites, and blood of 12 patients from Saitama Medical University International Medical Center were isolated using NucleoSpin miRNA or NucleoSpin RNA blood (Macherey-nagel). Total RNAs from cells obtained from malignant effusions and blood samples of 3 patients from University of Chicago were isolated using RNeasy mini kit (Qiagen, Valencia, CA) according to the manufacturer\'s instructions. cDNA was then synthesized by ligating a common adapter at 5′ end of cDNA using a SMART (Switching Mechanism at 5′ end of RNA Transcript) cDNA library construction kit (Clontech) and Advantage 2 PCR kit (Clontech). PCRs were then performed to amplify compatible amplicon libraries of TCR α and β with Ion Torrent sequencing platform from cDNA. The one common forward primer was designed based on the sequence of SMART IV adaptor and included Ion truncated P1 adaptor sequence. Two reverse primers were specific to the constant region of TCR-α and TCR-β respectively and included the Ion A1 adaptor sequence.

*Forward*: 5′-CCTCTCTATGGGCAGTCGGTGATTATCAACGCAGAGTGGCCAT-3′ *Reverse*: TCR-α (5′-CCATCTCATCCCTGCGTGTCTCCGACTCAGCAGGGTCAGGGTTCTGGATA-3′) TCR-β (5′-CCATCTCATCCCTGCGTGTCTCCGACTCAGTCTGATGGCTCAAACACAGC-3′). Amplification was performed as follows: 3 min at 94°C; 40 cycles of 30 s at 94°C, 30 s at 65°C, and 35 s at 68°C, followed by purification using Agenecourt AMPure XP reagent (Beckman Coulter) and size selection at 300--900bp using Pippin Prep (Sage Science). The concentration of size-selected PCR products were then measured by Agilent 2200 TapeStation Nucleic Acid System (Agilent).

Library preparation and sequencing {#s0004-0004}
----------------------------------

The libraries for TCR-α and TCR-β were mixed at 1:4 ratio and amplified onto the proprietary Ion Sphere particles (ISP) by emulsion PCR using the Ion PGM™ Template OT2 400 kit at Ion OneTouch2 system (Life Technologies, Carlsbad, CA), according to the manufacturer\'s instructions. The enrichment of ISPs with templates was performed by the Ion OneTouch ES instrument (Life Technologies). Finally, the completely prepared products were sequenced with the Ion PGM™ Sequencer (Life Technologies) using Ion PGM Sequencing 400 kit for TCR α and β, respectively. Ion 314v2 Chip was used for libraries of tumor and ascites, and Ion 318v2 Chip was used for libraries of blood.

Sequence analysis {#s0004-0005}
-----------------

To identify V, (D), J, and C segments in individual sequencing reads, each of the reads in FASTQ files were mapped to the reference sequences provided by IMGT/GENE-DB,[@cit0041] using Bowtie2 aligner (Version 2.1.0).[@cit0043] After identification of triplet of V, J, and C segments in a single read, a junction sequence was analyzed. The junction sequence in TCR-α was recognized as N segment between V and J segment. The junction sequence in TCR-β was recognized as N1 between V and D segment and N2 between D and J segment. A CDR3 region was identified by a region starting from the second conserved cysteine in the 3′ of the V segment and ending with the conserved phenylalanine in the 5′ of the J segment. Finally, the amino acid sequence of CDR3 region was determined. For data visualization, we used the Microsoft Excel program to generate pie charts and heatmaps.

Gene expression analysis {#s0004-0006}
------------------------

cDNA was synthesized from RNA using Superscript III first-strand synthesis kit (Invitrogen). Real-time PCR was performed using Taqman gene expression assay in the ABI ViiA 7 system (Applied Biosystems), according to the manufacturer\'s instructions.

Statistical analysis {#s0004-0007}
--------------------

The diversity index (inverse Simpson\'s index) in CDR3 sequences was calculated as follows:$$D_{S} = \left\lbrack \frac{\sum_{i = 1}^{K}n_{i}(n_{i} - 1)}{N\left( {N - 1} \right)} \right\rbrack^{- 1}$$Where *K* is the total number of CDR3 clonotypes, *n*~*i*~ is the number of sequences belonging to the *i*-th clonotype, and *N* is the total number of identified CDR3 sequences.
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